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Amide protection in an early folding intermediate of cytochrome c
J Michael Sauder1,2 and Heinrich Roder1,2
Background: For many proteins, compact states appear long before the
rate-limiting step in the formation of the native structure. A key issue is whether
the initial collapse of the chain is driven by random or more specific
hydrophobic interactions.
Results: Hydrogen-exchange labeling coupled with NMR was used to monitor
the formation of stable hydrogen-bonded and solvent-excluded structure in
horse cytochrome c (cyt c). Protection was measured using a hydrogen
exchange/folding competition protocol at variable pH and short competition time
(2 ms). Protection factors of threefold to eightfold were observed in all three
α helices of cyt c, whereas other regions showed no significant protection. This
suggests that the compact states that are present contain segments of
marginally stable hydrogen-bonded structure. When the intermediate(s) are
destabilized, only amide protons from Cys14, Ala15 and His18 show significant
protection, indicating a region of persistent residual structure near the
covalently bound heme group in the unfolded protein. Fluorescence-detected
stopped-flow studies showed that the maximum protection factor in the early
intermediate is consistent with its unfolding equilibrium constant.
Conclusions: Together with previous fluorescence and CD results, the
observed pattern of amide protection is consistent with the early formation of an
α-helical core domain in an ensemble of compact states, indicating that efficient
folding is facilitated by stepwise acquisition of native structural elements. These
specific early interactions are established on the sub-millisecond time scale,
prior to the rate-limiting step for folding.
Introduction
Time-resolved spectroscopic studies on numerous pro-
teins have shown that compact states with extensive sec-
ondary structure accumulate during the initial stages of
folding, prior to the rate-limiting step in the formation of
the native structure [1–4]. More detailed information on
hydrogen-bond formation at the level of individual
residues can be obtained by combining NMR with hydro-
gen-exchange labeling [5–7], which reveals clusters of
weakly protected amide protons in several of these early
intermediates [8–15]. It is unclear, however, whether
these early conformational events simply reflect the relax-
ation of the denatured polypeptide chain induced by the
change in solvent conditions or whether they are essential
for rapid acquisition of the native structure [16–21].
The kinetic mechanism of folding has been elucidated for
few proteins in as much detail as that of horse cytochrome c
(cyt c ; [7,22–30]). Among the earliest conformational events
observed is the formation of a collapsed state (detected
using fluorescence energy transfer from Trp59 to the
covalently attached heme group), which was shown to
occur in < 2 ms, along with substantial accumulation of
helical secondary structure (detected by far-UV CD [24]).
Pulsed hydrogen-exchange labeling experiments, however,
showed no evidence for the appearance of persistent hydro-
gen-bonded structure prior to the formation of partially or
fully folded states on the 10 ms time scale [7,25,27].
Although pulsed hydrogen-exchange labeling [6,7] is the
method of choice for characterizing stable intermediates
during the later stages of folding, the competition experi-
ment [5,31] can be adapted more readily for detecting
marginally stable structures formed during the initial
stages of folding [12]. This burst-phase labeling experi-
ment probes the stability of individual hydrogen bonds by
using systematic variation of the labeling pH, as in previ-
ous studies at longer folding times [32,33], but the two
initial refolding and labeling phases are combined into one
by including the label (in this case D2O) in the refolding
buffer. A competition between hydrogen exchange and
folding is maintained briefly before exchange is quenched
and the protein is allowed to fold to completion. The for-
mation of protected structure during the labeling pulse
can be inferred by comparing the pH dependence of
exchange labeling with that predicted by exchange in a
random coil.
Quantitation of the burst-phase labeling results in terms of
protection factors requires independent knowledge of the
Addresses: 1Institute for Cancer Research, Fox
Chase Cancer Center, 7701 Burholme Avenue,
Philadelphia, PA 19111, USA. 2Department of
Biochemistry and Biophysics, University of
Pennsylvania, Philadelphia, PA 19104, USA.
Correspondence:  Heinrich Roder
E-mail:  h_roder@fccc.edu
Key words: burst phase, hydrogen-exchange
competition, protection factor, protein folding,
stopped-flow kinetics
Received: 29 January 1998
Revisions requested: 24 March 1998
Revisions received: 11 May 1998
Accepted: 19 May 1998
Published: 19 June 1998
http://biomednet.com/elecref/1359027800300293
Folding & Design 19 June 1998, 3:293–301
© Current Biology Ltd ISSN 1359-0278
Research Paper 293
exchange rates for individual amide protons in the dena-
tured state, which are usually estimated on the basis of
model peptide data [34]. For the present study on cyt c, we
used a more direct approach by performing experiments
both at low denaturant concentration, at which intermedi-
ates are maximally stabilized, and higher denaturant con-
centration, at which the native structure is still favored but
intermediates are strongly destabilized. This allows differ-
entiation of structure formed in early intermediates from
residual structure present in the unfolded state; this is
important because cyt c is known to have a region of persis-
tent structure near the covalently bound heme group even
under denaturing conditions [25,35]. The results show that
amide protons in the three major α helices of cyt c acquire
weak, but measurable, protection from exchange in the
first 2 ms of refolding.
Results
Burst-phase labeling
The general folding/competition mechanism is described
by:
(1)
Exchange (H→D) occurs from the ensembles of unfolded
(U) or intermediate (I) states with rate constants kUex or
kIex, respectively. U and I exist in rapid equilibrium (kUI +
kIU >> kIN); if exchange occurs predominantly via the more
solvent-exposed unfolded state (kUex >> kIex), the net
exchange rate can be expressed as kex = KIU/(1 + KIU) kUex,
where KIU = kIU/kUI.
The exchange rate of amides in the unfolded state, kUex, is
approximated on the basis of the exchange rate, kc, in
model peptides [34,36]. The apparent protection factor is
defined as P = kc/kex. Under conditions where exchange
satisfies the EX2 condition (kUex << kUI) the maximum pro-
tection factor for protons that exchange only via U is
P = KUI + 1. Any additional direct exchange from I, presum-
ably via local structural opening transitions (in the limiting
case of kIex ≈ kUex) results in a smaller apparent protection
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Figure 1
The proton occupancy after 2 ms of refolding for 11 representative
backbone amides (from a total of 36) is plotted against the
uncorrected pH meter reading in D2O (pD) of the labeling pulse. The
dotted lines indicate intrinsic exchange rates in an unstructured
polypeptide (P = 1) and the solid lines are fits of the data using
Equation 3. (a) The intermediate was stabilized during refolding
(0.3 M GdnHCl, 0.4 M Na2SO4 during the pulse). (b) The intermediate
was destabilized during refolding (2.5 M GdnHCl, 0.4 M Na2SO4).
Two-dimensional NMR peak heights or volumes and, in cases of peak
overlap or poor intensity, one-dimensional peak heights were
measured. The strong protection seen for Cys14, Ala15, and His18,
evidenced by the shift to higher pD, is the result of residual structure in
the unfolded state of horse cytochrome c (cyt c).
factor (1 ≤ P < KUI + 1). As a control, we repeated the exper-
iment at higher guanidine hydrochloride (GdnHCl) concen-
tration (2.5 M GdnHCl, 0.4 M Na2SO4), where the native
state is still favored but intermediate(s) are destabilized.
As can be seen in Figure 1b, the proton occupancies for
most amide probes at 2.5 M GdnHCl closely follow the
predicted exchange behavior for a random coil (P = 1; also
see Table 1), indicating that they remain largely unpro-
tected within the first 2 ms of folding. But the pH profiles
of Cys14, Ala15 and His18 are shifted toward basic pH,
indicating significant protection. The formation of thio-
ether bonds from Cys14 and Cys17 to the heme and the
coordination of the heme ion by the sidechain of His18
appear to stabilize residual hydrogen-bonded structure in
the unfolded state. An earlier study showed that His18 has a
protection factor of ~100 in unfolded cyt c (4.5 M GdnHCl,
pH 7.2; [25]). Figure 1a shows additional protection occur-
ring in the early intermediate(s) under more stabilizing
conditions, predominantly for residues in helical regions.
By taking the ratio of the apparent protection factors
under two labeling conditions (0.3 M and 2.5 M GdnHCl,
listed in Table 1), we can determine the additional stabi-
lization of these interacting residues during the first 2 ms
of folding, thereby correcting for the residual structure
present in the unfolded state. This analysis also results in
more accurate protection factors because it no longer relies
on independent estimates of intrinsic exchange rates.
pH independence of the intermediate
One assumption that is commonly made in the interpreta-
tion of pulsed hydrogen-exchange experiments is that the
high pH during the brief labeling pulse does not affect the
stability or formation of intermediate species. To test this
hypothesis, we monitored the formation of the burst inter-
mediate as a function of pH, using fluorescence-detected
stopped-flow methods under the conditions of the competi-
tion experiment (10°C, pH 7–11, 0.4 M Na2SO4). The equi-
librium values and initial signal as a function of GdnHCl
concentration are shown in Figure 2 and the parameters
used to fit the data to a two-state model are listed in
Table 2. When assuming a fast pre-equilibrium (<< 2 ms)
between U and I, the burst-phase amplitude reports on the
steady-state population of I and can be treated as a two-
state transition during analysis [17]. The equilibrium fluo-
rescence values (see Figure 2 and native-state parameters
in Table 2) indicate that the native state becomes pro-
gressively destabilized at higher pH; the free energy change
for unfolding drops from almost 12 kcal mol–1 at pH 7 to
< 5 kcal mol–1 at pH 11. A decrease in the slope of the tran-
sition, m, is the largest contributing factor to the loss in sta-
bility, which can in part be attributed to structural changes
in the folded state resulting from loss of the Met80 ligand at
alkaline pH. At high pH, native cyt c undergoes an alkaline
transition (pKa = 9.3), in which the Met80–Fe ligand is lost
and replaced by a deprotonated lysine [37]. Although the
pre-equilibrium transition also shows a slight decrease in
slope (see Figure 2 and mIU in Table 2), this is compen-
sated for by some increase in the midpoint of the transition,
resulting in consistent free energy values of ~0.9 kcal mol–1
for unfolding of I in the pH range 7–11.
Discussion
Evidence of early native-like protection
Cyt c shows significant protection from solvent exchange
after 2 ms of refolding almost exclusively in the three
α helices (Figures 3 and 4). The protection pattern
observed indicates that the ensemble of compact interme-
diates formed at the earliest stages of folding contains
native-like helices stabilized by some tertiary contacts.
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Table 1
Apparent protection factors for the burst intermediate of
cytochrome c.
Residue P (0.3 M)* P (2.5 M)* P rel†
Ile9 2.8 1.4 2.1 ± 0.5
Phe10 5.4 0.7 8 ± 4
Val11 2.7 0.94 2.9 ± 0.7
Lys13 0.9 1.5 0.6 ± 0.2
Cys14 120 34 3.4 ± 0.8
Ala15 9 8 1.1 ± 0.2
His18 >1000 380 > 3
Thr19 0.5 0.7 0.6 ± 0.2
Leu32 0.5 0.45 1.1 ± 0.4
His33 1.3 0.7 2 ± 1
Phe36 1 1.0 0.9 ± 0.3
Gly37 1 1.2 0.8 ± 0.2
Trp59 3 1.3 2.5 ± 1.4
Lys60 1.7 0.9 1.9 ± 0.6
Leu64 2.1 0.9 2.3 ± 0.6
Met65 11 1.5 7 ± 3
Glu66 3.2 0.7 4.8 ± 0.9
Tyr67 2.9 0.9 3 ± 1
Leu68 2.7 0.9 3.1 ± 0.8
Glu69 1.5 0.6 2.7 ± 0.7
Asn70 1.8 0.9 2.0 ± 0.6
Tyr74 1.3 1.2 1.0 ± 0.6
Ile75 2.6 1 2.7 ± 0.5
Lys79 0.6 0.6 1.0 ± 0.3
Met80 0.3 0.8 0.4 ± 0.2
Ile85 0.4 0.6 0.7 ± 0.1
Arg91 1.7 1 1.8 ± 0.5
Glu92 0.8 0.3 2.4 ± 1
Leu94 2.7 0.8 3.2 ± 0.7
Ile95 2.8 0.6 4 ± 1
Ala96 4.7 0.9 5 ± 1
Tyr97 4.9 1.2 4.1 ± 0.8
Leu98 3.9 1.1 3.5 ± 0.8
Lys99 5.3 1.2 4.5 ± 1.6
Lys100 5.2 1.7 3.1 ± 0.6
Ala101 7 0.9 7 ± 2
*Apparent protection factors during the first 2 ms of refolding in 0.3 M
and 2.5 M GdnHCl, 0.4 M Na2SO4, 10°C. †The ratio
Prel = P(0.3 M)/P(2.5 M) indicates the protection in the burst
intermediate, corrected for any residual protection in the unfolded
state. Estimated errors are listed for Prel (one standard deviation),
which is derived from fitting Equation 3.
The existence of early intermediates in cyt c folding was
demonstrated previously using stopped-flow CD [24], site-
directed mutagenesis [28,29] and fluorescence-detected
kinetic measurements on the submillisecond time scale
[38,39]. For example, substitution of Leu94 by alanine
resulted in an ~50% decrease in burst-phase amplitude,
indicating that the hydrophobic contact between the N-ter-
minal and C-terminal helices is at least partially formed
in the early intermediate [28]. Using ultra-rapid mixing
methods to monitor refolding of cyt c under various condi-
tions (both in the presence and absence of non-native
heme ligands), Shastry and Roder [38] recently observed a
major exponential decay in Trp59 fluorescence with a time
constant in the 50 µs range, which is the most direct evi-
dence so far for accumulation of a compact intermediate
prior to the rate-limiting step in folding.
It is unlikely that the observed protection of amide protons
(Figure 3, Table 2) results from the formation of isolated
α helices or a small population of folded molecules. Given
the low stability of the isolated N and C terminal α helices
of cyt c observed by CD spectroscopy [40,41], the level of
protection acquired within 2 ms cannot be explained by
any intrinsic helix-forming tendencies in the absence of
stabilizing tertiary interactions. In particular, a peptide
fragment covering the C-terminal α helix was found to be
only ~15% α helical at 10°C [41] and is not expected to
show significant protection against amide exchange (e.g.
[42,43]). This conclusion is further supported by recent
burst-phase labeling results on ubiquitin, which showed
insignificant levels of protection (P < 2; [12]) under condi-
tions where an intermediate was detected in stopped-flow
fluorescence measurements [17,44]. An N-terminal frag-
ment (residues 1–35), which includes the α helix of ubiqui-
tin, contains marginally stable structure under equilibrium
conditions [45], but Gladwin and Evans [12] found no evi-
dence for protection in the helical region within the first
3.5 ms of folding. The possibility that the observed pro-
tection is affected by the residual population of native
molecules (~2%) at the start of the labeling experiment
can also be ruled out because this background contributes
only to the baseline proton occupancy and has no signi-
ficant effect on the calculated protection factors. Thus,
the simplest explanation for the preferential protection of
α-helical amide groups within the first 2 ms of cyt c refold-
ing is the formation of an ensemble of marginally stable
compact states containing a rudimentary core of mutually
interacting α helices.
The involvement of early intermediates
In considering the structural and kinetic role of early inter-
mediates, we discuss two possible models. In Model A,
the burst-phase behavior reflects a non-cooperative, con-
tinuous (barrier-free) transition from the expanded U state
at high denaturant concentrations to a compact, more-or-
less random conformation favored under aqueous solution
296 Folding & Design Vol 3 No 4
Figure 2
Fluorescence-detected stopped-flow kinetics of cyt c showing the
effect of (a) pH 7, (b) pH 9, and (c) pH 11 on the burst intermediate
and the native state (in the presence of a stabilizing salt,
0.4 M Na2SO4). The baseline fluorescence at long folding/unfolding
times represents the equilibrium fluorescence as a function of
guanidine hydrochloride (GdnHCl) concentration, fitted to a two-state
unfolding transition (solid line). The initial amplitude extrapolated to
zero time has also been fitted to a two-state transition (dashed line).
The dotted line is the unfolded baseline extrapolated to zero GdnHCl.
Although an increase in pH decreases the stability of the native state, it
has a negligible effect on early intermediate(s) formed within the first
2 ms of folding. Fitting parameters are listed in Table 2.
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conditions at low denaturant concentrations (also referred
to as Dphys, the ‘denatured state under physiological con-
ditions’ [16,21,46–48]). In Model B, the burst phase is
attributed to the rapid formation of an ensemble of com-
pact states (thermodynamic macro states) separated from
U by a distinct barrier; the rapid, reversible pre-equilib-
rium with U is manifested in a cooperative (two-state)
transition, U Ic→→ N. This ensemble of states, Ic, has
some native-like structural properties, such as approximate
secondary structure and tertiary fold, but lacks tight side-
chain packing and specific, persistent tertiary interactions.
Model A is predicted on the basis of polymer physics and
lattice models (see [46] for a recent review) and has been
invoked to explain recent results on cyt c fragments [21,47].
The solvent-induced contraction of the chain is likely to be
involved during the very early stages of folding, but it does
not readily explain the observed behavior of the burst-
phase amplitude and native-like structural preferences
suggested by the amide protection results, nor the expo-
nential initial decay in tryptophan fluorescence reported by
Shastry and Roder [38]. For a non-specific (random) hydro-
phobic collapse, one would expect a more uniform distribu-
tion of small protection factors. On the other hand, Model B
is supported by our observation of selective protection for
protons in a helical core (Table 1, Figure 3), indicating
some preference for native-like helix–helix contacts. Sev-
eral amide protons in the three main α-helical segments of
cyt c exhibit protection factors in the range 4–8, consistent
with the equilibrium constant for unfolding of the interme-
diate estimated on the basis of the fluorescence-detected
stopped-flow measurements (Table 2).
Our interpretation (Model B) is further supported by the
dependence of the initial kinetic amplitude (burst phase)
on GdnHCl concentration, which is described well by a
two-state U Ic pre-equilibrium transition (dashed lines in
Figure 2). The transition is quite shallow, and the corre-
sponding m value, mIU, is much smaller than that of the
equilibrium unfolding transition (Table 2). This is in con-
trast to some other proteins, such as cytochrome c2 [49] or
RNase H [14,50]), which exhibit a more sigmoidal pre-equi-
librium transition. Hydrogen exchange and spectroscopic
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Table 2
Effect of pH on the stability of the native state and the burst intermediate measured by fluorescence-detected stopped-flow*.
Native state Burst intermediate
pH Cm (M) m (kcal mol–1 M–1) ∆G (kcal mol–1)† Cm′ (M) mIU (kcal mol–1 M–1) ∆GIU (kcal mol–1)† Pmax‡
7 3.42 ± 0.02 3.48 ± 0.21 11.9 ± 0.72 1.26 ± 0.18 0.79 ± 0.13 1.00 ± 0.22 4.8
9 3.62 ± 0.04 2.42 ± 0.26 8.76 ± 0.95 1.40 ± 0.44 0.62 ± 0.20 0.87 ± 0.39 4.4
11 3.18 ± 0.02 1.56 ± 0.07 4.96 ± 0.22 1.43 ± 0.26 0.60 ± 0.13 0.86 ± 0.24 4.3
*All measurements were performed at 10°C in the presence of 0.4 M
Na2SO4. All errors are one standard deviation.
†∆G = ∆G0 – mC = –RT ln(1/KUI). ‡The maximum apparent protection
factor, Pmax = KUI + 1, was calculated at 0.3 M GdnHCl, the conditions
of the burst-phase competition experiment.
Figure 3
Protection factors. (a) Hydrogen-exchange protection factors in the
native state of cyt c [54]. (b) Hydrogen-exchange protection factors in
the acid-denatured A-state of cyt c [53]. (c) Burst-phase protection
factors for 36 individual amide protons in cyt c, corrected for residual
protection in the unfolded state. Significant protection from exchange
during the first 2 ms of folding is seen in the three helical regions,
indicated at the top. Protection factors were calculated using
Equation 3 and are listed in Table 1 as Prel. The range in error for each
protection factor is indicated graphically in (c) as shaded bars (black
and light gray represent the upper and lower error limits, respectively).
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evidence for rapid accumulation of folding intermediates
with native-like structural features has been reported for a
number of proteins (see [20,51] for recent reviews). Another
recent example is GB1 [52], which shows a well-populated
early intermediate with a sequestered hydrophobic core.
Based on this evidence, preference for native-like local
interactions (secondary structure) as well as some critical
tertiary contacts during the initial stages of folding renders
early intermediates kinetically productive, in contrast to
non-specific collapse, which could result in non-productive
off-pathway states.
The relationship between transient and equilibrium states
It is interesting to compare the pattern of amide protection
seen at early times of refolding (Figure 3) with the distrib-
ution of protection factors in the native state and the glob-
ular acid-denatured form (A-state) obtained in previous
equilibrium hydrogen-exchange measurements [53,54]. In
the native protein, many protons in non-helical regions
(e.g. residues 28–37) show strong protection (P> 105), com-
parable to the protection seen in some helical segments
(Figure 3a). Conversely, this same region is essentially
unprotected in the burst intermediate (Figure 3c). Specifi-
cally, Thr19, Leu32, His33, Phe36, Gly37, Lys79, Met80
and Ile85 all have Prel ≤ 2. On the other hand, residues in
the core of the three helices consistently show protection
factors > 3, even at the lower error limit (see Figure 3). The
residues with the largest protection factors, Phe10, Met65
and Ala101, still show protection factors of 4–5 at their
lower error bound. It should be noted that, given the mar-
ginal stability of the intermediate as measured by stopped-
flow fluorescence (Figure 2), we do not expect protection
factors larger than ~5 (Table 2).
In contrast, the protection patterns in the burst intermedi-
ate, Ic, and the equilibrium A-state [53] of cyt c are qualita-
tively similar — only the three helices show significant
protection in the A-state and most amide protons involved
in tertiary hydrogen bonds are unprotected. This suggests
similar average structural properties in the A-state and the
burst intermediate, Ic (such as stable hydrogen-bonded
structure limited to the core domain of the three major
helices clustered around the edge of the heme; Figure 4).
The A-state is much more stable than Ic, however, as indi-
cated by its much higher protection factors (P≤ 3000). The
A-state was shown to be separated by high energy barriers
from U [29] and represents an equilibrium analog of a late
folding intermediate. In contrast, Ic is formed very early in
folding and may be related to the pre-molten-globule state
proposed by Uversky and Ptitsyn [55].
The maximum protection factors observed in the burst-
phase competition experiment (P ≈ 5–8), found mainly for
sidechains at helix–helix contact sites (Phe10, Met65, Ala96
and Ala101), correspond well to the U Ic equilibrium
constant determined by fluorescence-detected stopped-
flow under similar conditions (Table 2; Pmax = 4–5). These
core groups exchange only via substantial unfolding (disso-
ciation of helices), and kIex in Equation 1 is expected to be
essentially zero. Intermediate protection factors (P≈ 1.5–4)
are seen at helix ends, indicating exchange via local un-
folding, which in Equation 1 is formally indicated by a
direct exchange pathway (kIex > 0). The ratio kUex/kIex can
be considered as a structural protection factor to describe
the intrinsic stability of hydrogen-bonded structure in the
intermediate [56].
Evidence for parallel pathways
Previous pulse labeling studies on cyt c have shown that
most amide sites are ~20% protected within 3 ms [33].
Variable pulse pH studies after 30 ms of folding indicate
that there is a heterogeneous population of molecules,
some of which (~20%) fold rapidly within the instrumental
dead time. The burst-phase labeling results presented
here also suggest some heterogeneity in the folding path-
way, as evidenced by the shoulder at high pH in the pro-
ton occupancy versus pulse pD plots seen for Thr19,
Met80 and Ile85 (Figure 1), as well as Lys13, Phe36 and
Lys79 (not shown). This may reflect some heterogeneity
in the unfolded ensemble as a result of alternative heme
ligands [25,30]. A likely model is similar to that shown in
Figure 7 of Colón et al. [28], in which a parallel pathway
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Figure 4
A ribbon diagram of the native structure of cyt c (PDB code: 1hrc)
showing the backbone amide proton exchange protection pattern
during the first 2 ms of refolding; black spheres indicate amides with
apparent protection factors ≥ 3, grey spheres represent 2 ≤ P < 3, and
white spheres indicate protection factors < 2.
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exists between those molecules that have His33 as the
predominant non-native sixth axial heme ligand [57] and
those that lack an intramolecular sixth ligand. The fitted
curves for residues with biphasic pH profiles suggest that
~70% of the molecules are misligated and therefore show
no protection because these regions must undergo a major
structural rearrangement in order to correctly fold to the
native state. The remaining 30% of the molecules form a
more structured state in which these sites are protected
and consequently exhibit higher protection factors. A
similar deviation from sigmoidal pH dependencies was
also observed for the α domain of lysozyme [12]. One
interpretation that Gladwin and Evans considered was
that there is a structurally heterogeneous population of
molecules after 3.5 ms of folding, which is consistent with
other observations at later stages of folding.
Another possible cause of this apparent heterogeneity at
high pH is a change from an EX2 to an EX1 exchange
mechanism [58,59]. Recent observations on the initial rate
of collapse of cyt c during refolding, however, suggest that
the labeling conditions used in these experiments are still
within the EX2 regime (kUI >> kc). Shastry and Roder [38]
directly observed a major conformational event during
cyt c folding with a rate of 2 × 104 s–1 associated with a
large decrease in Trp59 fluorescence. Assuming an average
free-peptide exchange rate of 1.5 s–1 at pD 7 (10°C), EX2
conditions are consequently expected to persist up to
pD 11. Thus, deviations from EX2 behavior, which might
give rise to a pH-independent plateau, are not expected
up to very high pH, in contrast to our observations in
Figure 1, where deviations in the proton occupancy values
occur as low as pD 9.
Nature of the burst phase
The observation of a large decrease in the initial fluores-
cence signal (burst phase) upon refolding is usually
attributed to rapid formation of an obligatory compact
intermediate. This ensemble of compact conformations
with some common native-like structural characteristics is
thus treated as a thermodynamic state that is separated
from unfolded conformations by a distinct free-energy
barrier. This interpretation has recently been questioned,
however. Sosnick et al. [21,60] suggested that the burst
phase in the refolding of cyt c simply reflects a readjust-
ment of the denatured baseline signal as the chain con-
tracts as a result of non-specific hydrophobic interactions,
and makes no productive contribution to folding. The
burst-phase competition results described in this study
provide evidence for a compact, non-random state with
persistent, native-like protection in all three helices, which
would be unlikely if this burst phase was simply a non-
specific response of the unfolded polypeptide to the sud-
den drop in denaturant concentration. Also, the GdnHCl
dependence of the burst-phase amplitude measured by
fluorescence (Figure 2) is clearly non-linear (especially in
the presence of 0.4 M Na2SO4) and can be modeled as a
two-state pre-equilibrium transition, which is consistent
with the cooperative formation of a distinct thermody-
namic ensemble of compact, but marginally stable states.
Quantitative analysis of the effect of denaturant concen-
tration on the kinetics of folding also supports this conclu-
sion [17,49,61,62]. Furthermore, Walkenhorst et al. [62]
recently observed a distinct lag in the appearance of the
native state during folding of staphylococcal nuclease,
which provides strong support for a folding mechanism
involving productive (on-pathway) intermediates.
In the analysis of pulsed hydrogen-exchange experiments, it
is generally assumed that the stability and rate of formation
of intermediates is not greatly affected by the brief, high
pH labeling pulse. A recent pulse labeling study on N-PGK
[15] showed evidence for protection in an early intermedi-
ate that becomes destabilized under the conditions of the
labeling pulse. In the case of cyt c, we verified our assump-
tion of pH independence by performing stopped-flow
experiments under various denaturant and pH conditions.
Although some loss in stability is expected under alkaline
conditions (especially because the native structure is signif-
icantly destabilized), we found that the stability of the
burst intermediate is almost completely pH independent
(Table 2). This corroborates a recent observation that pH-
dependent changes in heme ligation are involved in cyt c
folding only after the initial conformational collapse of the
polypeptide chain [38]. 
In conclusion, the clustering of rapidly protected amide
groups within the helical core of cyt c reported here indi-
cates that the initial collapse of the chain results in a non-
random state with some rudimentary native-like structural
organization. Thus, some specific local interactions and
hydrophobic tertiary contacts are established on the sub-
millisecond time scale, prior to the rate-limiting step for
folding. Together with kinetic observations based on opti-
cal probes, including recent ultrafast mixing studies with
< 50 µs time resolution [38], this provides further support
for the notion that the conformational events observed
during the initial stages of folding for small globular pro-
teins, such as cyt c, reflect the formation of partially
organized structural intermediates that are productive in
facilitating acquisition of the native structure [20,51].
Materials and methods
Materials
Horse heart ferricytochrome c (highest grade from Sigma Chemical Co.)
was used without further purification. GdnDCl (ultrapure grade from ICN-
Schwarz/Mann) was prepared by repeated lyophilization of GdnHCl in
D2O (99.9% pure from Cambridge Isotope Laboratories). GdnHCl con-
centration was determined by refractive index measurement. All other
chemicals were reagent grade.
Hydrogen-exchange labeling
For burst-phase competition experiments under stable conditions (0.3 M
GdnHCl), cyt c (~1.8 mM) was unfolded in 3.3 M GdnHCl at pH 5
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(10 mM sodium acetate) in the absence of sodium sulfate. Under these
conditions, the protein is ~98% unfolded ([57]; the residual native popu-
lation only contributes to the baseline proton occupancy and has a negli-
gible effect on the observed protection). This solution was rapidly mixed
at 10°C in a 1:10 ratio with the refolding/pulse buffer (50 mM glycylgly-
cine, 50 mM CHES, 50 mM CAPS, 20 mM sodium phosphate, 0.44 M
Na2SO4 in D2O, pD 7.5–11.5), using a Bio-Logic SFM4/Q quenched-
flow instrument (Bio-Logic, 38640 Claix, France). In the control measure-
ments under destabilizing (two-state) conditions, the protein was
unfolded in 4.2 M GdnHCl (10 mM sodium acetate, pH 5), and the refold-
ing/pulse buffer also contained 2.3 M GdnDCl, yielding a final guanidine
concentration during the pulse of 2.5 M. Under these high pH conditions,
the native state is still stable (∆G ~5 kcal mol–1), but the population of the
intermediate is reduced to < 25% (see Table 2). After 2 ms of refolding,
exchange was quenched by mixing in an 11:4 ratio with 1.5 M sodium
acetate, pD 4.8 (0.4 M Na2SO4 and 0.1 M ascorbate). The pH at each
stage of the exchange experiment was determined by manual mixing.
Solutions were immediately concentrated at 10°C using Millipore Ultra
5K concentrators and repeatedly washed with a D2O buffer, pD 5.3
(25 mM CD3COOD d4-acetic acid and 10–15 mM ascorbate). The
samples were concentrated to ~250µl and placed in 5 mm Shigemi
tubes (Shigemi, Inc., Tokyo, Japan) for NMR data collection on a Bruker
DMX-600 spectrometer. One-dimensional spectra and two-dimensional
COSY spectra [63] in magnitude mode (16 scans of 2048 complex data
points for 512 increments; 2.5 h) were collected at 20°C. Only weak
water suppression was used in order to minimize the loss of amide peak
intensities near the water resonance. Spectra were processed with
Felix95 (Biosym/MSI) and amide–CαH crosspeak heights and volumes
were calculated. Amide proton peak heights in one-dimensional spectra
were also measured for Val11, Ala15, Gly37, Trp59 (indole NH), Leu64,
Tyr67 and Leu98.
Analysis
After background correction, individual amide proton peak heights and
crosspeak volumes (V), normalized with respect to the average of four
non-exchanging peaks (Vref), were divided by the corresponding inten-
sities from a fully labeled control sample (Vc, Vcref) and corrected for
the fraction of H2O, fH = 0.091, present during labeling to yield the
experimental proton occupancies, Iexp:
(2)
Predicted proton occupancies, Icalc (dotted lines in Figure 1), were calcu-
lated on the basis of intrinsic exchange rates, kc [34,36], according to:
(3)
where kc(pH) = kc(pH 7) × 10(pH – 7). kc was calculated using HXPRO ([64];
a web version (SPHERE) is available at http://www.fccc.edu/research/labs/
roder/). The pulse time, tp, was 2 ms, fGdn is a GdnHCl correction factor
to account for the effect of GdnHCl on the exchange rates (~1 for refold-
ing in 0.3 M GdnHCl and 1.4 for refolding in 2.5 M GdnHCl; [65]), and P
is the apparent protection (or slowing) factor, a measure of hydrogen-
bonded structure formed within the first 2 ms of folding. The apparent
protection factors at 0.3 M and 2.5 M GdnHCl are listed in Table 1 with
their ratio, Prel, which is a measure of protection exclusively in the burst
intermediate as related to its stability [56].
Fluorescence-detected stopped-flow measurements
Cytochrome c (120 mM) was unfolded in 4.3 M GdnHCl and 10 mM
sodium acetate, pH 5. Refolding was initiated at 10°C by 10-fold dilu-
tion into 0.48 M Na2SO4, 100 mM buffer (sodium phosphate at pH 7,
CHES at pH 9, and CAPS at pH 11) and variable amounts of 5 M
GdnHCl in 0.48 M Na2SO4 to give a final Na2SO4 concentration of
0.4 M and a final GdnHCl concentration in the range 0.34–5 M. To
achieve the lowest GdnHCl concentrations, the protein was unfolded at
pH 2 in 2 M GdnHCl (10 mM sodium phosphate) and diluted sixfold to
initiate refolding. Intrinsic tryptophan fluorescence was monitored above
320 nm by exciting at 280 nm; the data were logarithmically averaged
during each acquisition (as described [49]) and multiple traces were also
averaged to improve further the signal-to-noise ratio. Kinetic traces were
divided by the fluorescence signal from an unfolded control, then fitted to
a series of three or four exponentials for folding and one or two exponen-
tials (> 4 M GdnHCl) for unfolding [28]. The data were weighted during
fitting according to how many traces were averaged (2–5) and how many
actual measured points (up to 64K) each averaged data point repre-
sented. The initial (at t = 0) and final (at t =∞) fluorescence values are
plotted in Figure 2 and fitted using a standard two-state model.
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